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THE EXPERIMENTAL INVESTIC. VION OF 


A SWEPT-WIN 
RESEARCH iODEL BOUNDARY L..YER 
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SUMMARY 
A detailed study of the boundary layer of a semisoan, 
reflection-plane, quurter-scale modei of the Douglas FID-3 


swept wing (ONR Rr-4) wes made as & continuating vonuse of a 


program wnich is to culmirate in tye eam:Lication of a vboundery 


layer, circulation ecntrol metnrod, Boundary-liyer surveys 


were made ut four crordwise and five spanwise points for three 


attack angles. A few boundury-luver scrofiles vere measured 


witn tne inbourd fis, deflected to 45 derrees, The boundary 


lever trensition was studied by use of the evaporative method, 


the stethncscove tecnnigue and totali-nead measuresinents. 

Two bourncary-luyor vurtabies , velocity magnitude and 
direction, vere measured as vn function of the normal dis-— 
tance to the wing surfece., This produced basic tnformution 
on tne character of tne wing bouncary lover, its flow cair- 
ectiou variations, and its thickness rrovth alone coords 
paurcllel te the pline of symmetry and along sounvice con= 
stunt localechord percente,e lines, This trnformution was 
translated into disvlecenent and ‘:3mentum thicknesses 
persllei and cerpendiculsr to tne wing aquarterechord line, 


and then to the shave sursveters for the wing boundary 


leyer.: Tne results snowed tne bouncery-lever pserameters, tne 


thickness, and tne transition to he functions of the local- 
cnord vercentupe. 7 
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INTRODUCTION 

Tne experimental investigation described herein was 
conducted as a cor ‘*inuation of tne research vrogram on the 
Douglas F3D-3 (ONR RM-4) sweot wing. This vrogram, under 
tne sponsorship of the Office of Naval Research, is directed 
toward precuring fundamental informetion on the acnlication 
ef a boundary-layer, circulatiog control system to a swept 
wing, A preceding report (Ref. 1) snowed the exverimentally 
determined lift and pressure distributions, aerodynamic pro- 
perties, arid tuft ctudies of the wing. Is a sense this re- 
port is a supplement, since it extends the lmowledre in a 
more detailed fasnion to the hourdary layer profile, tnick- 
ean transition, and fiow directicn variations. 

Several autnors (Refs. 2,3,4, and 7) have vroduced 
theories snd experimental results whicn demonstrate the 
behavior of the boundary-layer on an ijafinite sweot wing. 
ver, as noted by Meger (Ref .°), the work on finite span 
swepte-wing boundery-luyer treortes (Refs. 5 and 4) has teen 
imadequately substantiated by tne Suarse experimental data 
(Ref. 8). While the present data could be used to check 
such theortes, thut was considered beyond the scove of this 
report. 

Because the final experiments in this series will he 
conducted with a ninged leading edre and blowing air over an 
outboard aileron, the experimental objective was to define 
the characteristics of tne ONR RM—'+ swenteving boundsry lever 


without such a system. It is tnrerefore an attempt to 
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understand the wing and its surfece flow conditions before 
embarking on a test vrogram complicated by auxiliary in- 
movations such as the aileron, hinged nose and blowing cover 


the aileron. 


NOMENCLATURE 
a, = geometric test angle of attack, derrees 
5 = flap deflection angle, degrees 
w = flow angle with respect to the symmetry vlane, deprees 


c = local wing chord measured pnrallel to the plane of 
symnetry, feet, 


al 


= wing mean aerodynamic chord, feet. 


q = local dynewic pressure, 1/2 pu", pounds ver square foot. 


ep = air mass density (assumed constant), slugs per cubic 
- fcot. oF 

p = local static vressure, pounds per sauare foot. 
v 

Py = total pressure = p + q, pounds per saiare foot. 


il 
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YQ = free-stream dynamic pressure fe pu,” pounds per 
sauare foot. 
YU. = free-stream velocity, feet per second. 


x' = curvilinear ordinate measured in a plene perpendicular 
to the quarter-cnord line, feet. 


y' = curvilinear ordinate on the wing surface parallel to 
the quarter-chord line, feet, 


» z’ = curvilincer ordinate normal to and measured fron the 

§ wing surface, feet. 

oa 

aa x = ordinate osrallel to the plane of symmetry mexnsured 
| a from the leading edge in the chord voluane, feet. 
ond 
ieee: y = ordinate perwnendicular to and measured fron the olane of 

€ symmetry in the cpord olane, feet. 
‘2 Zz = ordinate*normal to and measured from the chord plene, feet, 
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Ynax = Wyeey2 = local isexttium velocity in tne boundary 


layer, feet per second. 


c 
Kt 


component of tne boindary-layer velocity in the xt- 
direction, feet ver second. 


v= comvonent ‘of the boundary-layer velocity in tne y'- 
direction, feet per second. , 
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of tne boundary layer, feet ver seconec. 


6 = nowinnl tnickness of tne bourdary luyer 
§ 6 
‘ - ‘ u v 
dx,5y = displacement thickness = Ae (1- Fy) dz, . (1- y) az 
u . Vv 
O,,9, = comertum thickness = = (l- jaz ee Ge ge ee  b- 
é x? ’ 
y o U Uv do V V 
H.,H. = shave parameter = by by 
4 x? y Aad paraf eK A 
2a Py, 
t R = Reynolds number = Yo? 
\ : v 
; R, = Local Reyrolas number bused on the boundary layer 
‘ tnickness = YO 
v = kinewatic viscosity = 5 

! CORRECTIONS 

No corrections were applied to the data excenot for 

i the error incurred in the initial vrohe setting on the 
; surface of tne model. It was discovered soon after the tests 


began that although extrane care was exercised, the first 


imoulse on the actuating mecnenism aid not always move the 


4 

» y nose of the vrobe off the surface. Exvoerimentally it was 
is " verified that tne first few votnts so in error could be 
Pr 
i¥ : corrected by fairing the profiles toward the zero setting 
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the uifference between tne tnitisl ooint ard tne feired 
curve from the profile normal distance ratios. These cor- 
‘ rections in most cases were ebout 2 nercent of the total 


ue 


boundary-layer tnickness. 


Another error which could not be detected from the 

i . . * 

\ profile plots was. caused -by the inverse nrablem of not naving 
1 

‘ e. . 

j : the mouse on the wring surface at tne besinning of the move- 


ment.: Therefore, if the data was initially accurate to + 2 
pezcent of the thickness, then after the above correction the 
errore in tne curves due to the initisl setting of tne mouse is 
j O to +2 percent of the boundary-layer tnictness with resnect 

to the normal distance ratio z'/c. This also makes the laminar 
snear stress values obtained froi the curvee incorrect. 


An additional ites concerning tne flow angle curves 


‘ close to tne surface is wortny of wention. In vlacing tne 
unree tubes oh the curved surface the inboard and sutbo: 
tubes registered sligntiy aifferent pressure readings becuse 
tney were not located at exactly the sume distance from the 

# surfice and were distorted by surface contact. This problem 
Was caurticulerly aggravated by the steeo velocity rredient of 


the laminar layer. The angular variation curves shor the first 


‘ » few points in error by cuite lurre necetive angles. An extren-- 
} Olation of the uneffected angle trend ws used in this areca 
} 
: . since no correction could be made. The velociry orofile wes 
eo not affected becuse the total-nead tube rend total vressure 
& for vy = + 10°, 
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APPARATUS 
Tne one-fourtn scale model of tne Douglas F3D-3 wing 
Woes tested in the University of Wicnita 7- by 10- foot wind 
tunnel. A description of the wind tunnel is presented in 
reference 9. The model (Fig. 1) wes constructed of laminated 
mahogany and finished with sanding sealer and varnish to 


produce an aerodynamically smootrs surface. As in the pre- 


used to measure the local static pressure. It was found 
that the static pressures checked very closely with the 
original pressure distribution tests, so the routine adcc- 
ted was merely a check procddure when the vrobe was far 
enough from the surface for negligible interference. 
Ficure 2 shows some details and dimensions of the 
preven. Tne sensitivity of sucn «a probe and the yaw range 
for accurate measurements of total yvressure are presented 
e 
in reference 10. Figures 3 through 6 present the mouse, 
its mechanisms for rotation and normal motion, and the 


gantry used for the wing mouiting. A pneumatically operated 


cylinder actuated the cog-wheel drive nut of the probe leg. 


A difficulty with tne system was that it moved unidirec- 


tionally. Thus, if it became necessary to lower the mouse 
to check a reading, the Operation was halted end the mouse 
reset manually. 

Originally, the mouse unit was designed to rest on 


small feet extending from a pivot noint directly above the 


nee et wre 


a akbar cre) 


ends of the tube openings. This vas discarded for the mur 
rigid gantiy structure which probably resulted also in less 
interference. However, the somewhat bulky mechanism snield 
and the snort leg to tne tubes were retained to exnedite 
tne investigation, 

An inclined manometer at 30 degrees to the horizontal 
was used to read the total oressure of the mouse center tube, 
to indicate the two outer tube vressures which ware kevt ecual 


ny 


by vorobe rotatior, and to snow tne tunnel dynamic cressure. A 

rod extended through tne endplste to a vosition such that an 

operator could eaqusgylize tne mancmeter readings of the engle- 

sensing tub=s and tnus obtein the total voresrure and tre 

flow angie. A calibration curve provided the correlation 

between the control rod verrier dial and tne flow anple. 
Reference 1 provides a detailed descrivtion of the 

wing moael. Some of the pnysical dimensions are shown in 


Tigure 1 sucn as follows: 


Wing semispan = 65.75 in. (Root 9.25 fron fuselage 
Root chord = 36.70 in. 
Tip crnord = 13.25 in. 


Mean aerodynamic chord 26.9% in. 
Wing area = 11.36 ft® 


Aspect ratio = 5.28 


‘Sweep angle of root -— to-tio 


quarter chord line = 36° 
Root section, NACA §3-011.64 


Tip section, NACA 43-008 
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10 
Fuseluge ¢ section, NaCA 53-012 
Flap span —- 46 percent wing semispan, 


Model scale = one-quarter full scale, 


TESTS 


Tne boundery-layer pindiikanaseceee test scneaale was: 


Wing Sta. ay lnoenl « chord post tions | Local | phoed, sositions 
i without fluo, $x 10° | with 45° fluc, 3 x 102! 
pre-e te wnt S ate reeedeents hy sas fn scala pi Sates Soc aE 
17.75 eae 30,5070 50 
; ke | 30,50,70 | 50 
8° : 20,50,70 | 50 
29.06 | oF | 30,50,70 5 
! 1 dor 4 30,50, 70 | 50 
Bo) 30,50, 70 ] 50 | 
; 4O, 41 SS suit: 30,50,70,20 i 59,70 | 
| ye | 30,50, 70,90 50,70 
3° | 30, 50,70,90 50,70 
51.675 Oe | 30 ,50,70,90 50 | 
; be | 20, 50,70, 90 | 50 | 
; p~ge 30,50,70,90 
63.10 Tas Og | 30,50,70,90 | 
ese 30,60 ,70,90 ! 
| 8° | 38 4504 /'0,90 | 
eee rev rom ee ens eee MMos ee cE 21 Sea SON TMi Ty OP fe ert) 


As for the previous tests, tna tunnel dynsuzic 
pressure was Maintaincd at 26.5 pounds per square foot which 
corresponded to 103 aph or 39.1 knots. Because of additional 
screens in the tunnel settling chember, the turbulence factor 
reduced to i.22. Trereby tne effective Reynolds number of 


the wing based on the meun aerodynumic chord became 2.49 x 106, 
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DISCUSSION OF THE RESJLTS 


Kips 


made to determine the line of transition by three metnods 


which were used with varying derrees of success. The first 


utilized the evavoretive rete differential between laminar 


and turbulent layers to indicate th 


evaporation of a volatile surface couting (Ref, 11) 


bulent layer has a higner rate of mixing ard a freata 


r velocity 


gradient at the surface thun a laminar Layer and therefore 


accelerates surface evavorntion. Ethylene p¢lycol {Prestone) 


wis used as tne indicating medium to oroduce the results 


shown in figure ?. Talcum rovder was blown over the wet 


laminar area after the run to vroduce the vhotoprachic quality 


contrast. Nut.ce the indication of turbulert wakes hehind the 


Clay aree and wood screw roles. There seemed ta be a reaction 


between the liquid and the finish or else subsequent exseriment 


surface preparations Were not as curefully made because voorer 


ry - 


results were produced in the later attempts and the methcd was 


abandor.ed. 


A second metnod involving the accoustical nature of the 


two boundary-layer types was then used. This metnod involved 


& stethoscope attuched to tne end of a total-head vrobe which 


was moved over the modcl surface in the boundary layer. The 


line of demarcation hetween the turbulent and lrminar 


leyers 


as the probe moved forward along the surface was indicated 


by a reduction in the noise level. Figure °% shows the results 


of this investigation, The transition was found to he a 


function of the loenl-cnord fraction as indicated also by tre 
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| 

| evaporative tests. At tne most inboard station the observer 
t . 

| had the least faitn in the results because of the lack of 
sharoness in the point at which the noise level chenged. The 


probe was narticulerly difficult to use at station 17.75 near 


these readings. Most of the noint scatter was a function of 

the curve slope and could therefore be nuittributed partielly 

to the accuracy in the innde} angle of attuck settings. 

Figure 9 shows the results from the third method of 
transition detection. The survey crobe was placed off the 
surface at a distance vhere the velocity orofiles indicated 
the maximum velocity difference occurred during the trunsition 
fron laminar to turbulent boundary-layer flow, Velocity 
measurenmonts produced u curve of a rradually increasing vel- 

' ocity througn the transition zone followed by a decreasing 
velocity in tne turhilent layer. Thus, when the wing attack 
angle ae increased, tne velocity was a maximum at tne completion 
of the flow transition from laminar to turbulent (Refs, 12 and 
13). This was an inverse approach to noving the probe through 
the transition zone at a@ constant angle of attack. A com- 
parison with the stethoscope results snowed good correlation, 


: It was determined that the trensition Reynolds nunber 


was not constant along the span, but (for te = O° and Sp a 09} 


tt 


varied ir, tne following manner: 
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| Station Rs, Transition Reynolds No, 
im aoe ee oe ed a en ee 
| 17.75 7.43 xX 103 
29,08 6.08 x 103 
| 40,41 5.17 x 102 
| 91-75 4.21 x 103 
| 63.10 3.09 x 103 z= 
1 ee eee ee ca ais a anil ha Spin of ml enigma odin inant iittala capt tel Smaase api natin cal 
This aecrease + duc primerily to the thinner laminar 


laycr at transition toward the tio and cecondarlly to the 
lower velocities over the less thick tip sections. Approx- 
imately these same conditions existed for the attack angles 
of 4 and 8 desrecs. As determined from sphere tests the 


tunnel turbulence factor was 1.22 which corresponds to 0,26 


A three-dimensional represer:tation of the wing boundary-— 


layer growth for the three attack angles 1s siven by the sketches 


of figure if. The growtn was affected primerily by the 
spanwise pressure gradient, tine tip vortex strength and, of 


course, angle of attack. At a, = 9° the spanwise gradient 


caused a very pronouncca growth outboard along chord vercentage 


lines; this ultimately was the cause of tip flow separation, 


£ 


The influence of the tip vortex on the boundary layer was 
most orowinernt at lower lift values, while the increased 
thickness with angle of attack is seen from succeesive 
sketches. 

if The graphs of figures 11 and 12 present the chordwise 
and spanwise values of the boundary-layer thickness to an 


enlarged scale, It was found that the transition voints 


described above were entirely compatible with these curves, 
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Also, the influence of the trunnion hole cluy filler on the 
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transition was in agresment. This turbulent wake wes noticed 


throughout the data and appeared very much wider than shown 


| percentage chord lines it was found that only when plotted as 

§/e Gia ths growth appear, but thet the actus] thickness 

! was virtually constant age showrm in the second plot of figure 

12. For the forward 7C percent of the wing this was true 

i except where the laminar layer wes trioved by the clay area, 

Pigure 13 is a complete summary of the flow angle 

variations within the wing boundary layer. These curves 

ado not include the runs with the flap deflected. Negative 

! | flow angles (toward the root) were consistently measured at 

the edge of the layer which was equivalent to the votential 

i § ‘flow direction. Then towurd the surface the flow was turned 
by the adverse pressure gradient in the. Bvanwise direction 

+ by as much as 15 to 20 degrees at 8 degrees angle of attack. 

; The aerodynamic force data of reference i snowed that 
the boundary-layer informstion was all obtained on the 

‘ie iinear portion of the lift curve, A major increase in flow 

. angle (before separation) occurred between 8 and $ degrees 

angle of attack according to the tuft study victures. This 
° Slightly preceded the lift curve break which resulted from 


reversed flow at the wing tin. 
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As previously notea, tne boundarvelayer tnicimess 
distribution snowed a lorye interaction at the wing tip 
vetween the layer ana the trailing vortex. Figure 13 also 
demonstrates such an interaction, the result tending to 
decreuse the spanwise flow, especislly on tne surface. The 
maximum positive flow angle throughout the layer was measvred 

. at station 40.41 in each instance. 

Figure i4 denicts the experimertal boundary-layer 
profiles and flow angles on the upper surface of tne sweot 
wing. The previously discussed transition character of the 
wing flow 1s readily seen in these curves, Nate that thea 
flow angle axes have been snifted in many instances to maine 
tain all tne curves to the same scale. 

Several traits of the boundary layer are evident from 

. a comparison of the various curves. In every case the flow 
variation 
angle/immediutely outside tne viscous layer in the potential 
flow field was found to be zero. This was in contradiction 
to the two-dimensional swent-ing neasurements of reference 
?. From reference 1 the uncorrected lift coefficients of 


the wing at tnese tested angles of attack were: 


. Thus a comparison witn reference 7 should be valid since the 
airfoil sections were conpurable, 
Wnen the flap was deflected to 45 derrees the major 


change in th: ooundary-layer profiles was for a, = O°, 
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é 
because the transition moved very fer fomrard., However, toward 
the tip the pressure gradient was steep and the profiles re- 

' flacted the wresence of this strong cdverse pressure grudient. 
Fron these observations the major influcnce of the flan was 

on the tip boundery layer. This was substantiated by the 

tuft study of reference 1, 

The fact thet the boundary layer on this wing behaved 
as a function of the local-chcerd vercentare was predicted 
ty the pressure distributions. Isobars on the upper wing 


surface were determined as very closely pnralleling the local- 


chord percentage lines except nt the tio whicn was strongly 


influenced by the vortex finw, A projection of the fliow 


vectors on the isobar field showed cle:rly the velscity 


deterioration ir a direction normsl to the isobars. 


inee the nature of the boundary layer showed constancy 
elong the span,the displacement and momentum thickness con- 
' ponents were caliculatecé in directions normel and parallel to 
the guarter-chord line. These value are presertea in tables 
B and C,. To complete the analysis correspending components 
of the shape parameter, H, were calculated. These H values 


! are shorm in figures 15 and 16 as functions of the chord and 


ae an span. Reference 17 gives the origin ane thoughts benind the 

id shape perameter. Tne consistency of the results reiterated 

oe . that tne boundary-léysr characteristics were corstant along 
7A 


the local cnord percentage lines =f the vlsyin wing, 
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